Since Schroeter (1872) first isolated and described an organism producing a green-fluorescent pigment, information on this particular type of organism has consistently appeared in the literature. RfiAi6ka (1899) studied a small group of fluorescent organisms and concluded that the group could be separated into two parts, one closely related to the semi-pathogenic Bacterium pyocyaneum, the other to Bacterium fluorescens-liquefaciens. A study of 15 organisms convinced Niederkorn (1900) that there were only two constant species. Jordan (1903) separated 58 strains into two groups on the basis of gelatin liquefaction. Edson and Carpenter (1912) separated 42 strains, isolated from Vermont maple sap, into seven groups, on the basis of hydrogen sulphide production, reduction of nitrates, growth on Uschinsky's solution, growth on Cohn's nutrient solution and action on gelatin and milk. They concluded that representatives of the seven groups plus six other species can not be sufficiently well differentiated to warrant calling them other than "liquefaciens" or "non-liquefaciens" strains of Pseudomonas fluorescens. Tanner (1918) found in the literature more than 95 species, many of which were incompletely described. He placed 100 strains which he isolated from water into 27 groups. However, he suggests that gelatin liquefaction and nitrate reduction are sufficiently variable to limit his groups to nine. Sherwood, Johnston and Radotincky (1926) presented incomplete data on 22 strains of Bacillus pyocyaneus, giving data on carbohydrate reactions, hydrogen sulphide, indole, and hydrogen cyanide production, and nitrate reduction. Monias (1928) divided 30 strains into five groups; however, only three of his groups produced pigment. These three groups were formed on the basis of morphology and carbohydrate fermentations. Reid, Harris, Naghski and Gatchell (1941) (1914) found that seven stock cultures varied in pyocyanin and fluorescin production. Baerth-491 on July 7, 2017 by guest
Because of the variability in pigment production by Pseudmnwas cultures, more than the usual amount of work has been devoted to the development of a medium upon which the production of fluorescence is reproducible. Neelsen (1880) , working with impure cultures from blue milk, proposed a synthetic medium containig ammonium tartrate, neutral potassium phosphate, magnesium sulphate and calcium chloride. Gessard (1892) using a medium similar to Neelsen's, found phosphates essential. Thumm (1895) reported that, in addition to an organic source of nitrogen, phosphates and magnesium sulfate must be present for fluorescence to occur. Georgia and Poe (1931) in careful work reaffirmed the necessity of magnesium, phosphate and sulfate, showing them to be essential for the production of fluorescence. Possibly the alteration of the chromogenic function may be caused also by inhibitory substances in the medium. Fuller and Johnson (1899) stated that heavy metals prevent pigmentation. Turfitt (1936) stated that the minute amounts of heavy metal salts found in tap water are sufficient to inhibit all chromogenesis. Kharasch, Conway, and Bloom (1936) have shown that one part of copper in 50,000 will cause inhibition of pigment production. They also list several organic compounds preventing pigmentation. Turfitt (1936) , prompted by the constancy of pigmentation on the appropriate medium, used the chromogenic function as a basis for the clasification of the genus Pseudomonas. Turfitt (1937) found that concentrates of the fluorescent pigment from Bacillus pyocyaneus, Bacillus fluorescens-liquefaciens and Bacillus fluorescens-non-liquefaciens had the same chemical properties.
Since knowledge of the green-fluorescent organisms is limited and often contradictory, a comparative study of a representative number of this type of bacteria seemed desirable.
METHODS AND RESULTS
In addition to 30 stock cultures, 169 green-fluorescent organisms were obtained by isolations frofi) milk, butter, lactose, milk bottles, water, ground meat, fish, rabbit sera, bone meal, lettuce, wood pulp, soil, manure, and sewage.
Morphologically, this study concerned itself chiefly with the form of the bacterium, its gram reaction, and the position of flagella. All these organisms are gram-negative rods which occur singly, in pairs, or in very short chains. With the exception of one culture, all are motile, bearing one to several flagella in a tuft at one end of the cell. The exception was a dissociant of culture 25. Colonies on nutrient agar plates were surrounded by the water-soluble pigment but otherwise had no very distinguishing characteristics which would easily set them apart from other members within the group.
Fluorescent pigment was consistently produced by all these organisms when grown on Georgia and Poe's asparagine, dipotassium phosphate, magnesium sulphate medium. Seventy-one of 199 cultures failed to produce visible pigmenton 0.5 per cent tryptone (Difco) containing the necessary inorganic constituents GREEN-FLUORESCENT PIGMENT-PRODUCING BACTERIA even when the broth was made from water redistilled from glass. Sodium lactate, when used as the sole source of carbon, was the only organic acid salt tested which produced a degree of fluorescence comparable to that produced on the asparagine medium. However, 21 cultures failed to produce fluorescence on this medium.
Our findings show that pyocyanin-producing cultures always produced pyoeyanin on a medium consisting of 5 per cent glycerol, 2 per cent peptone, and 3 per cent agar (Gessard, 1891) . On this medium fluorescence is inhibited. No better pyocyanin production nor additional pyocyanin-producing cultures were detected by growing on nutrient agar, glucose agar, tryptone broth, tryptone cyanide broth or nutrient broth. The pyocyanin-producing cultures grew on Georgia and Poe's synthetic medium. On this medium fluorescent pigment was produced, but little or no pyocyanin was observed.
In pigment-production studies, the cultures were incubated at room temperature for one week; observations were also made at the end of three days. Our findings, as well as observations of many other workers on this group, indicate that pyocyanin tends to be produced more quickly and more abundantly at 3700., whereas the green-fluorescent pigment is more readily observed at temperatures ranging from 20°C. to 3000. In order to observe with ease fluorescent pigment production, it is only necessary to grow the cultures in question on Georgia and Poe's asparagine medium for one week at room temperature. If some of the pigment-producing cultures also produce pyocyanin, this can be readily observed by growing the cultures at 3700. on Gessard's glycerol agar.
Proteolysis and change in pH were determined on litmus milk, the cultures being incubated at room temperature for three weeks. Three types of reaction were plainly visible. In one type of reaction, the milk casein was at least 75 per cent dissolved and frequently completely liquefied at the end of the incubation period. In another type of reaction, there was a very obvious increase in alkalinity of the milk with no visible proteolytic action or curd formation. In a third type of reaction, a few cultures left the milk unchanged.
The results reported in Table I show the first six groups to digest the casein of milk, the next six groups to cause the milk to become basic without visible digestion of the casein, and the last two groups to produce no observable change in milk.
Inoculated tubes of beef-extract peptone 4 per cent gelatin were held at room temperature for-three weeks to test the ability of the cultures to liquefy gelatin. Liquefaction was determined by holding in ice water inoculated and incubated tubes along with uninoculated controls. More than 70 per cent of the organisms studied by us liquefied gelatin. All the cultures in the first six groups which digested milk also liquefied gelatin. The seven cultures of group VII liquefied gelatin and caused the milk to become basic, but gave no visible evidence of casein digestion. The remaining cultures failed to liquefy gelatin.
When grown in 1 per cent sodium nitrate in beef-extract peptone broth, in tubes containing inverted vials, for seven days at room temperature, approximately 39 per cent of the cultures reduced nitrates to gaseous nitrogen or nitrogen compounds; 9 per cent'reduced nitrates to nitrites, and more than half had, by this method, no detectable action on nitrates.
From cultures grown in 0.1 per cent tryptone, inoculations were made into a medium consisting of 0.5 per cent dipotassium phosphate, 0.5 per cent sodium nitrate, 0.05 per cent magnesium sulphate and 0.5 per cent glucose (pH 6.8-7.0). After five days, transfers were made into a second tube of the same composition. Growth in this medium was detected by turbidity. All but 7.5 per cent of the cultures grew in this medium, indicating their ability to utilize nitrates as their only source of nitrogen. Nitrite& were detected in 86 per cent of the cultures. Although gas production in the synthetic medium was more difficult to detect, all cultures producing gas on the usual medium also produced gas on the synthetic medium. Table I shows that cultures of Groups I, II, and VIII produce gaseous forms of nitrogen from nitrates.
By substituting sodium nitrite for sodium nitrate as the only nitrogen source in the synthetic medium, it was found that no culture initiated growth in 0.4, 0.1, 0.05, or 0.01 per cent sodium nitrite. In the green-fluorescent, pigmentproducing group, nitrites do not function as a nitrogen source. When some other nitrogen source, such as nitrates or tryptone is added to the nitrite solutions, growth occurs and nitrites may be reduced.
When grown in a 1 per cent tryptone solution, none of the organisms produced indole. Some pyocyanin-producing cultures produced a faint pink color 15-30 minutes after adding the reagents. Although this color conceivably might be mistaken for a faint indole test, it is actually the acid color of pyocyanin which is an acid-base indicator.
In their ability to produce ammonia when cultured in peptone broth tubes, the organisms differed only quantitatively. All of the cultures produced ammonia.
In the ordinary nutrient broth to which a carbohydrate had been added, the proteolytic action of these Pwudmono, organisms disguised their fermentative ability. Therefore, a different nitrogen source was substituted by using a medium consisting of 0.5 (pH 6.8-7.0) . All of the cultures tested were able to utilize citrates; no orgisms utilized formates; acetates, lactates, and tartrates were utilized by some strains.
The breakdown of fat, a character frequently attributed to this group, was also Table II .
The inhibition of growth of these organisms by varying concentrations of sodium chloride was determined using Georgia and Poe's asparagine synthetic medium. Practically all cultures were able to grow in the presence of 3 per cent sodium chloride; very few grew in 5 per cent; and none grew in 6 per cent sodium chloride. These findings are recorded in Table II . Conflicting reports are available concerning the aerobiosis of Pseudomona organisms. Our findings convince us that they are obligate aerobes. Meatinfusion agar-shake cultures indicated that the organisms were obligate aerobes.
Cultures inoculated into Georgia and Poe's synthetic medium were subjected to a week's incubation at foom temperature under anaerobic conditions produced by a modification of Rosenthal's chromium sulfuric acid method for obta ning anaerobiosis (Mueller and Miller, 1941) . Under these conditions, none of the Pseudomonas cultures tested by us were able to initiate growtb.
DISCUSSION OF RESULTS
Polar flagella, gram-negative staining, elaboration of a fluorescent pigment, growth at 200C. and 300C., obligate aerobic relation to oxygen, failure to form indole, production of ammonia, and a weak attack on carbohydrates indicate very strongly that the organisms studied are very closely related. When grown on a buffered synthetic medium, all the cultures tested acted upon glucose, glycerol and citric acid, failed to attack lactose and formic acid, and were unable to produce indole. That this homogeneity does not extend into every physiological character is apparent from Tables I and II. Table I includes all the tests by which the organisms may be differentiated into groups and subgroups. Tests, correlating less with other characters or showing but slight relationship to other characters, are recorded in Table II. The 41 organisms of Group I are separated from the rest by their ability to grow at 42°C. and failure to grow at 50C. That this separation is justified is borne out by the fact that all 41 organisms are proteolytic on milk and gelatin, reduce nitrate to gaseous nitrogen compounds, attack glucose but not lactose or sucrose, utilize glycerol and the same organic acids, and appear to have a higher tolerance for phenol and sodium cyanide and a strong lytic action on fats. Both Group Ia and Group Ib have the cultural and biochemical properties of Pseudomonas aeruginosa (Schroeter) Migula, listed in Bergey's Manual of Determinative Bacteriology. Although Group lb produced a fluorescent pigment, at no time did it produce pyocyanin. From the close correlation of its other physiological properties, we suspect that this group is a variant of Group Ia which has lost its pyocyanogenic power.
The organisms included in the remaining 13 groups all failed to produce pyocyanin and with the exception of seven cultures all failed to grow at 42°C. and grew at 5°C. The seven cultures, mentioned above, constitute Groups V, XI, XII, and XIV. The subgroups indicated by letters in Groups II to XIV are made on the basis of their ability to utilize, as the sole source of carbon, sucrose, acetic acid, lactic acid, or tartaric acid. It is not contended that these subgroups are significant or justified; they are merely reported. The principal difference between Groups II and III is the inability of the cultures in Group III to reduce nitrates to gaseous nitrogen. Obviously, the reports of action on nitrates in Tables I and II require some explanation. Results (Table I) on the non-synthetic medium were regularly reproducible; previous workers have used this medium; and the classification appearing in Bergey's Manual is based on this medium. Results with the synthetic medium were not as easily reproducible and have not been used before. On the basis of data here reported, it is our belief that the reduction of nitrates to N2 or gaseous nitrogen compounds by cultures of the Pseudomonas group is a significant and easily distinguishable characteristic, but that the reduction of nitrates to nitrites is a character of minor distinguishing value.
Groups III, IV, V, and VI failed to produce gas from nitrates. The separation of one from the other is slightly arbitrary. Group V and also Groups XI and XIV were unable to grow at either 500. or 4200. Group V, being strongly proteolytic, is believed to be distinctly different from Groups XI and XIV. Group VI, which resembled Pseudomonas fragi (Hussong, Long, and Hammer, 1937) , was given separate status on the basis of its rapid reduction of litmus milk and the appearance of a narrow pink zone on the surface of litmus milk. When air was incorporated in the milk by shaking, the reaction was basic. The casein was partially digested.
The cultures in Group VII liquefy gelatin but fail to digest milk. All the cultures in this group were isolated from plants. Group VIII is distinguished by the ability of the cultures in it to produce gaseous nitrogen compounds from nitrates and resembles somewhat Bergey's description of Pseudomonas denitrificans. There is some similarity in the cultures of Group IX to Bergey's description of Pseudomonras putida. Some resemblance exists between the cultures in Group X and Bergey's description of Pseudomonas ovalis and Pseudomonas convexa. Groups IX, X, XI and XII are in our opinion only slightly different, their action on milk and gelatin being the same and their action on nitrates not being significantly different. The one culture constituting Group XII grew at both 50C. and 420C. The two cultures constituting Groups XIII and XIV produced no change in milk.
SUMMARY
A study of 199 green-fluorescent bacteria is reported. By appropriate culture, several characteristics were found to be common to all cultures. These were production of green-fluorescent pigment, rod form, polar flagella, gram-negative staining, obligate aerobic relation to oxygen, failure to form indole, production of ammonia, growth at 200 and 300C., death at 6000. for 30 minutes, and a weak attack on carbohydrates.
The cultures were divided into 14 groups on the basis of ability to grow at 500. and 4200., action on milk, liquefaction of gelatin, and reduction of nitrates. Subgroups were established by the ability of the cultures to produce pyocyanin and to utilize sucrose, acetic acid, lactic acid, or tartaric acid as the sole carbon source.
Growth of the cultures in different concentrations of phenol, sodium cyanide and sodium chloride are reported, along with growth in and hydrolysis of fat and action on nitrates when grown in a synthetic medium.
The uniformity of the reduction of nitrates to nitrogen or gaseous nitrogen compounds and discrepancies in the reduction to nitrites are pointed out.
